Pacific geoduck aquaculture is a growing industry, however little is known about how 2 geoduck respond to varying environmental conditions, or how production might be impacted by 3 low pH associated with ocean acidification. Ocean acidification research is increasingly 4 incorporating multiple environmental drivers and natural pH variability into biological response 5 studies for more complete understanding of the effects of projected ocean conditions. In this 6 study, eelgrass habitats and environmental heterogeneity across four estuarine bays were 7 leveraged to examine low pH effects on geoduck under different natural regimes, using 8 proteomics to assess physiology. Juvenile geoduck were deployed in eelgrass and adjacent 9 unvegetated habitats for 30 days while pH, temperature, dissolved oxygen, and salinity were 10 monitored. Across the four bays pH was lower in unvegetated habitats compared to eelgrass 11 habitats, however this did not impact geoduck growth, survival, or proteomic expression 12 patterns. However, across all sites temperature and dissolved oxygen corresponded to growth 13 and protein expression patterns. Specifically, three protein abundance levels (trifunctional-14 enzyme β-subunit, puromycin-sensitive aminopeptidase, and heat shock protein 90-⍺) and shell 15 growth positively correlated with dissolved oxygen variability and inversely correlated with mean 16
highlights the importance of site selection for farmers to maximize investment, however there 32 remains a paucity of data on the optimal environmental conditions for geoduck aquaculture. 33 As marine calcifiers, geoduck may be vulnerable to ocean acidification due to their 34 reliance on calcite and aragonite (forms of calcium carbonate) for shell secretion (Orr et al. 35 2005; Weiss et al. 2002) , both of which become less biologically available as seawater pH 36 declines with pCO 2 enrichment (Feely et al. 2008) . A broadening body of research on marine 37 calcifiers indicates that, generally, projected low pH will shift organisms' physiology to the 38 detriment of species-wide abundances and distributions (Boyd et 2016 ) and life stage (Kurihara 43 2008; Kroeker et al. 2010) , thus lessons learned from other bivalve species cannot directly be 44 applied to geoduck without investigation. 45 The effect of low pH on cultured geoduck needs to be explored to help the aquaculture 46 industry make informed site selection, selective breeding, and investment decisions. For 47 practical application, geoduck ocean acidification studies should best replicate the natural 48 environment in which they are grown, which is primarily Washington State (90% of global 49 production) in the Puget Sound estuary where environmental drivers vary between subbasin, 50 season, and diurnal cycle (Moore et al. 2008 ; Shamshak and King 2015) . Lessons from more 51 advanced ocean acidification research on other taxa can also be leveraged. For example a 52 significant conclusion is that low pH is not occurring in isolation, but rather in conjunction with 53 changes in other environmental drivers (for example temperature, dissolved oxygen, salinity), 54 and thus single-stressor studies are limited in their predictive capacity ( In order to better inform geoduck aquaculture practices, we set out to examine how low  85  pH and other natural variation in environmental conditions influence geoduck growth and  86 physiology, using eelgrass as a primary determinant of water chemistry. Physiology was 87 evaluated with a two-phase proteomics approach using Selected Reaction Monitoring, with 88 targets identified using Data Independent Acquisition. This novel application demonstrates the 89 advances in proteomic research and the potential it has to improve aquaculture production. 90 Figure 1 ). All 96 locations were selected based on the criteria that both eelgrass beds ("eelgrass"), and 97 unvegetated sediment ("unvegetated") habitats were present. Clams were placed in 10 cm 98 diameter polymerizing vinyl chloride (PVC) pipes buried in sediment with 5 cm exposed; this 99 method replicates aquaculture techniques. Five clams were placed in each of the 3 tubes in 100 both the eelgrass and unvegetated habitat, with a total of 30 clams across 6 tubes per bay. 101
Methods
Pipes were covered with a protective mesh exclosure to limit predation. Relative protein abundance was ultimately assessed in a two-phase proteomics approach using 133
Selected Reaction Monitoring (SRM), with targets identified using Data Independent Acquisition 134 (DIA). Tissues were prepared separately for DIA and SRM, both following the protocol in 135
Timmins samples were used to remove peptides that did not adhere to the dilution curve. Briefly, dilution 252 abundances (exported from Skyline) for each transition were normalized by the most dilute 253 sample abundance, then regressed against predicted ratios. Peptides with slope coefficient 254 0.2<x<1.5 and adjusted R 2 >0.7 were included in analysis. Ten of the 39 peptides were 255 discarded from the dataset based on dilution standards results (Supplemental Figure 6 ). To 256 determine and remove disparate technical replicates, NMDS analysis was performed as 257 described above. Technical replicates with ordination distance >0.2 were removed, and only 258 samples with two technical replicates were preserved for analysis (Supplemental Figure 7) . 259
Thirteen technical replicates from different samples and all replicates from three sample were 260 discarded, for 84% technical replicate and 94% biological replicate retention. Within samples, 261
transitions with coefficients of variation (CV) > 40% between technical replicates were also 262 discarded (2% of all transitions across 21 samples). In final dataset for differential analysis, 10 263 proteins, 26 peptides, and 77 transitions were retained. Mean transition abundance was 264 calculated for replicates, with zero in the place of n/a values, which Skyline generates for 265
replicates without peaks. Transition abundances within each peptide were summed for a total 266 peptide abundance before analyzing for differential abundance. 267 268
Differential protein analysis 269
After data quality screening, peptide abundance was analyzed for differences between locations 270 and habitats. NMDS plots visualized patterns in peptide abundances by bay and habitat as 271 described above. Global peptide abundance was compared between bay and habitats using 272 two-way ANOVA on log-transformed abundances. For protein-specific comparisons, peptide 273 abundances were grouped by protein, box-cox transformed ( Temperature did not differ between habitats within bays (Supplemental Figure 1) . Dissolved 302 oxygen (DO) varied between bays in both daily standard deviation (F(3,370)=170.4, p=1.9e-71) 303 and mean (F(3,370)=97.3, p=3.1e-45). DO variability was substantially higher in the two 304 northern bays (SD was 5.6 and 3.9 mg/L in FB, PGB), as compared to the southern bays (2.5 305 and 1.4mg/L in CI, WB), but variability did not differ between habitats (Supplemental Figure 2) . 306
Mean salinity differed by bay (F(3,253)=456.9, p=1.4e-100), with the largest differences 307
between Fidalgo Bay (mean 29.9 ppt) and the other three bays (mean 23.4-27.0 ppt) 308 (Supplemental Figure 3) . Growth significantly differed between northern and southern bays 309 (F(1,97)=54.8, P=4.9-11), but not between habitats either within or across all bays. Geoduck in 310
Fidalgo Bay and Port Gamble Bay grew larger compared to Willapa Bay, and Case Inlet ( Figure  311 3). Survival did not differ among locations. 312 
Protein Detection and Variance 313
In DIA, a total of 298,345 peptide transitions were detected from 30,659 distinct peptides across 314 the 8 samples (one sample per habitat from each bay). These peptides were associated with 315 8,077 proteins, and more than half of the proteins (4,252) were annotated using Universal 316
Protein Resource database (UniProt). Automated peak selection (Skyline) success rate was 317 71%. 318
In SRM, final dataset after screening included 10 proteins, 26 peptides, and 77 319 transitions. The 3 proteins fully screened from the dataset were heat shock protein 70, 320
peroxiredoxin-1, and ras-related rab. The SRM mean coefficients of variation (CV) of technical 321 replicate abundances across all transitions decreased from 18.2% to 9.6% after screening. 322
Transition abundance CV within bays ranged from 24.9% to 83.2% with mean 50.1%, and within 323 deployment locations CV ranged from 11.6% to 93.0% with mean 48.9% (Supplemental Table  324 3). Within proteins, regression analysis indicated that peptide abundances from the same 325 protein differed slightly, however the relative abundances across samples was consistent. None of the 10 targeted proteins were significantly different between habitats within or across 332 bays (Figure 4 , Supplemental Table 2 ). NMDS plots of all transitions in DIA and those targeted 333 in SRM revealed clustering of overall proteomic response by bay ( Supplemental Figures 4 & 8) . 334
In SRM, Fidalgo Bay and Port Gamble Bay samples clustered together (henceforth "northern 335 bays"), and some overlap between Case Inlet and Willapa Bay ("southern bays") indicated 336 similar protein abundances within these ad-hoc regions (Supplemental Figure 8) . This was 337 verified from the ANOVA results, which detected significant differences between northern and 338 southern bays in three proteins: HSP90-⍺ (HSP90) (F(1,133) 
Correlation between Environment, Abundance, and Growth 346
Growth positively correlated with peptide abundance for 8 of the 10 targeted proteins, including 347 the three proteins that were differentially abundant between bays ( Geoduck exhibited no phenotypic differences between pH conditions, counter to our 367 predictions. We predicted that within eelgrass habitats pH would be higher, creating a refuge 368 against the less alkaline surrounding waters and reducing oxidative stress. Concordantly, 369
proteins involved in the oxidative stress response would be less abundant inside eelgrass 370 habitats (such as superoxide dismutase, peroxiredoxin-1, catalase, and HSP), possibly 371 translating to differential growth. While pH in eelgrass habitats was found to be consistently 372 higher in this study, no differences in protein abundance, growth or survival were found between 373 habitats across all four bays. This suggests that juvenile geoduck may tolerate a wide pH range 374
in the context of the natural environment in which they are cultured. 375
Earlier studies on other clam species point to some degree of pH tolerance, but also 376 describe complex responses to low pH that vary between metrics, species, and when secondary 377 stressors are applied ( 
Conclusion 438
This is the first study to investigate geoduck performance alongside varying pH conditions, and 439 contributes a geoduck peptide database useful for quantifying multiple proteins simultaneously. 440
The primary finding is that geoduck aquaculture may be less impacted by ocean acidification 441 compared to other environmental stressors, for example ocean warming. Geoduck ocean 442 acidification research is in its infancy, and these results are a snapshot into geoduck physiology 443 at one developmental stage, with individuals from one genetic pool, and with present-day pH 444 levels in Washington State. To best inform current and future geoduck aquaculture, further 445 foundational studies are needed to elucidate the species' pH limits in conjunction with more 446 acute environmental stressors. 447
This study also demonstrates applied use of systems such as eelgrass beds in estuaries 448 to test pH effects in a natural system. There is growing interest in using macroalgae as an 449 ocean acidification bioremediation tool, also known as phytoremediation (Greiner et 
